Coherence Effect of Sign-Reversing s(+-)-wave Cooper Pair State in
  Heavily Overdoped LaFeAsO-based Superconductor: 75As-Nuclear Quadrupole
  Resonance by Mukuda, H. et al.
ar
X
iv
:1
00
9.
20
62
v1
  [
co
nd
-m
at.
su
pr
-co
n]
  1
0 S
ep
 20
10
Typeset with jpsj3.cls <ver.1.0> Full Paper
Coherence Effect of Sign-Reversing s±-wave Cooper Pair State in Heavily Overdoped
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We report an 75As-nuclear quadrupole resonance (NQR) study on heavily electron-doped
LaFeAsO1−xFx(La1111) with Tc = 5 K. Nuclear spin relaxation rate (1/T1) measurement
has revealed that a Hebel-Slichter (HS) peak partially recovers in heavily electron-overdoped
regimes where the nesting condition of hole and electron Fermi surfaces(FSs) becomes signifi-
cantly worse. This is in contrast to previous results reported in optimally doped La1111 with
Tc = 28 K where a lack of the HS peak was reported. It indicates that the interband scatter-
ing between the hole and electron FSs is strongly suppressed by an almost vanishing hole FS
through the heavily electron-overdoping. Our findings strongly suggest that the sign reversal of
the gap functions on the different FSs, that is, s±-wave state is realized in La1111 compounds.
We remark that interband scattering on well-nested FSs is essential for stabilizing the s±-wave
state and enhancing the Tc up to 28 K in LaFeAsO-based superconductors.
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The coherence effect of superconductivity(SC), ap-
pearing as a Hebel-Slichter(HS) peak in the nuclear spin
relaxation rate (1/T1), was one of the crucial experimen-
tal proofs for Bardeen-Cooper-Schrieffer (BCS) theory,
characterized by conventional s-wave Cooper pairs with
an isotropic gap.1–3 Newly discovered SC in iron (Fe)-
based pnictides4 is a semimetal with a multiband nature
derived from the disconnected hole and electron Fermi
surfaces (FSs) at Γ- and M -points, respectively.5 Due to
the nesting of these FSs, the parent material LaFeAsO
shows a stripe antiferromagnetic (AFM) order with Q =
(0, pi) or (pi, 0),6 but the substitution of fluorine for oxy-
gen and/or oxygen deficiencies in the LaO layer causes
the lattice compression and provides electrons for the
system, yielding a novel SC in LaFeAsO1−xFx(La1111)
with Tc = 26 K.
4 Theoretically, sign reversal in the SC
gap functions on these FSs, namely s± wave state, has
been proposed as one of the candidates for Fe-pnictide
SC.7, 8 In the SC state, although the multiple isotropic
SC gaps on the FSs have been unraveled experimentally
by angle-resolved-photoemission spectroscopy (ARPES)
and penetration depth measurements,9, 10 the HS peak in
1/T1 measurements was not observed.
11–14 To reconcile
this inconsistency, it was theoretically pointed out that
these experiments can be explained consistently in terms
of a sign reversal fully gapped s± wave scenario by as-
suming strong interband scattering due to the nesting of
the disconnected FSs.15–19 It motivates us to investigate
the SC state of extremely overdoped regimes because the
nesting condition of the FSs becomes significantly worse.
In this Letter, we report 75As-NQR-1/T1 measurement
on heavily-electron-doped LaFeAsO1−xFx with Tc = 5 K
that exhibits a small HS peak derived from the coherence
effect of Cooper pairs, whereas it was strongly reduced in
∗E-mail address: mukuda@mp.es.osaka-u.ac.jp
the optimally doped La1111(OPT) with Tc =28 K.
11, 13
Through the coherence effect on two compounds, we sug-
gest that the sign reversal of the gap functions in the SC
state of La1111 system may be stabilized by the inter-
band scattering on the well nested FSs.
A polycrystalline sample of heavily overdoped
LaFeAsO1−xFx, denoted as H-OVD, was synthesized by
solid state reaction starting with nominal compositions
of x = 0.22. Powder x-ray diffraction (XRD) measure-
ment indicates that the sample is almost entirely com-
posed of a single phase, as shown in Fig. 1(b). Tc was
uniquely determined to be 5 K by the onset of SC dia-
magnetism in both dc and ac susceptibility(χdc and χac)
measurements, as shown in Fig. 1(c). In particular, the
χac was measured by using an in situ NQR coil. Tcs of the
H-OVD and the other F-doped and O-deficient La1111
compounds are summarized in Fig. 1(a) as functions of
a-axis length evaluated at room temperature. Actually,
the present H-OVD is in a more overdoped region com-
pared with the previous three samples in under-doped
(UD), optimally-doped (OPT) and overdoped (OVD)
states.20, 21 We performed the 75As-nuclear quadrupole
resonance (NQR) experiment at zero external fields on
the H-OVD.
The 75As-NQR spectrum of H-OVD was observed at
75νQ ≈11.5 MHz, as shown in Fig. 2(a). When noting
the fact that the value of 75νQ in La1111 systems con-
tinuously increases with increasing doping levels,13, 22–24
the largest value of 75νQ ensures the sufficiently high
doping level of H-OVD. The linewidth of the spectrum
was as narrow as ∼1 MHz, which was comparable to
the OPT. The nuclear spin-lattice relaxation rate (1/T1)
of 75As-NQR was measured at f =11.5 MHz in a wide
temperature(T ) range from 0.8 K to 240 K, and was
obtained by fitting with a theoretical recovery curve
1
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Fig. 1. (color online) (a) Tcs of LaFeAsO1−xFx and LaFeAsO1−y
as functions of a-axis length. (b) XRD patterns of H-OVD and
OPT. (c) The Tcs are determined by the onset of SC diamag-
netism in dc and ac susceptibility measurements.
Fig. 2. (color online) (a) 75As-NQR spectrum of H-OVD at 10
K, along with the other La1111 compounds.13, 22 (b) Nuclear
recovery curves m(t) for H-OVD, which is used to determine the
1/T1. (c) T dependence of 1/T1T in H-OVD, along with that of
the others(75As-NMR data in ref. 21). The high electron doping
level of H-OVD is corroborated from the positive shift of NQR
frequency and the decrease of 1/T1T value in the normal state.
of 75As-nuclear magnetization (I = 3/2), which is ex-
pressed by a simple exponential function as m(t) ≡
(M0 −M(t))/M0 = exp(−3t/T1), where M0 and M(t)
are the respective nuclear magnetizations for the thermal
equilibrium condition and at a time t after the saturation
pulse. Note that the 1/T1 was uniquely determined by a
single exponential function of m(t) in both the SC and
normal states, as shown in Fig. 2(b). These results en-
sure that the electronic state of H-OVD is homogeneous
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Fig. 3. (color online) (a) 1/T1T normalized by the value at T =
Tc for H-OVD and OPT as a function of the normalized temper-
ature T/Tc. (b) The plot of T1 vs. Tc/T enables us to evaluate
2∆0/kBTc ∼ 0.95 roughly from the slope. Solid curves in (a) for
OPT and OVD are simulations based on the two-fully-gapped
s±-wave model with parameters 2∆L/kBTc and αc (See text).
(c) The DOS used in the simulation.26 Note that Ns(E) of OPT
is displayed as Ns(E)/0.47 by using the ratio of the normal-state
DOS of OPT and H-OVD just above Tc.
throughout the sample even from a microscopic point of
view. Figure 2(c) shows the T dependence of 1/T1T in
the normal state. The 1/T1T of H-OVD remarkably de-
creases upon cooling, the rate of which is steeper than
the previous results on other La1111 systems.13, 21 This is
primarily attributed to a decrease in the density of states
(DOS) at the Fermi level(EF ), namely, the band struc-
ture effect derived from the existence of a high DOS just
below the EF .
25 Moreover, the value of 1/T1T at 240 K
decreases with increasing electron-doping levels, which is
reasonably explained by an energy shift in the framework
of a rigid-band model. It is noteworthy that the 1/T1T of
H-OVD stays constant from 50 K to Tc=5 K, indicating
that the EF in H-OVD locates in the broad minimum
of DOS.5 In fact, the ratio of the normal-state DOS at
EF for H-OVD and OPT, (N
H−OVD
0 /N
OPT
0 ), is approx-
imately 0.47, which was evaluated from the relation of
1/T1T ∼ N
2
0 just above Tc.
In the SC state with a momentum dependent SC gap
∆(φ, θ), 1/T1 is generally given by
(T1T )
−1
(T1T )
−1
T=Tc
=
2
kBTc
∫ ∞
0
[
Ns(E)
2 + αcMs(E)
2
]
× f(E) [1− f(E)] dE (1)
Ns(E) =
1
4pi
∫ 2pi
0
∫ pi
0
E√
E2 − |∆(φ, θ)|2
sin θdθdφ
Ms(E) =
1
4pi
∫ 2pi
0
∫ pi
0
∆(φ, θ)√
E2 − |∆(φ, θ)|2
sin θdθdφ
where Ns(E) and Ms(E) are the DOS for quasiparticles
and the anomalous DOS originating from the coherence
effect of the transition probability in the SC state, respec-
tively. In conventional s-wave SC, the presence ofMs(E)
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gives rise to the HS peak in 1/T1T just below Tc
2, 3
since it usually has an isotropic gap with the same sign
on the all FSs. By contrast, in unconventional d-wave
and/or p-wave SC states, the Ms(E) term is cancelled
out by integrating over the momentum space on the SC
gap. In the multiband system, the Ns(E) and Ms(E)
terms in eq. (1) are represented as (Nhs (E) + N
e
s (E))
and (Mhs (E) +M
e
s (E)), respectively, where the N
h
s (E)
and Nes (E) are the DOS of the hole and electron FSs,
respectively. As for the Fe-pnictides, apparent trace of
the HS peak has not been reported to date,11–14, 20 im-
plying that the Ms(E) is negligibly small. It was theo-
retically proposed that this result is accounted for on a
basis of a nodeless s±-wave pairing scenario assuming a
sign reversal gap function, +∆h and −∆e on the hole
and electron FSs, respectively.15–19 In cases where the
∆h and ∆e have opposite signs, it is noteworthy that the
2Mhs (E)M
e
s (E) component in (M
h
s (E) + M
e
s (E))
2 be-
comes negative. In particular, when assuming the well-
nested FSs, it is anticipated that the sign-nonconserving
interband scattering process (+∆h ⇔ −∆e) may ex-
ceed the sign-conserving intraband scattering process
(+∆h ⇔ +∆h and −∆e ⇔ −∆e); The former process
reduces the Ms(E)
2 term through the negative contri-
bution of the Mhs (E)M
e
s (E), whereas the latter process
does not. Here, to deal with such convoluted intraband
and interband contributions in the nuclear spin relax-
ation process, we introduce the coefficient αc in eq. (1)
phenomenologically, which takes a value αc ≤ 1 depend-
ing on the weight of the interband contribution.
Figure 3(a) shows 1/T1T for H-OVD and OPT, nor-
malized by the value at their Tcs as a function of normal-
ized temperature T/Tc. In the case of OPT presented in
the previous paper,13, 19, 26 1/T1 was actually reproduced
by the two-fully gapped s±-wave model with parameters
2∆L/kBTc ∼ 4.4, ∆S/∆L = 0.35, and a smearing fac-
tor of η ∼ 0.07∆L derived from the energy broadening
of quasiparticles, then assuming αc ∼ 0. Here, the ∆L
and ∆S are the larger and smaller gaps in the model,
respectively. The Ns(E) used in the simulation is shown
in Fig. 3(c). In contrast, the 1/T1T of H-OVD shows a
small HS peak below Tc, indicating the non-negligible
contribution of the Ms(E) term, that is, αc 6= 0. In or-
der to evaluate the SC gap, we plot T1 against Tc/T ,
as shown in Fig. 3(b). The slope of this plot enables us
to estimate 2∆0/kBTc ∼ 0.95 as a possible value of ∆L
when we assume 1/T1 ∝ exp(−∆0/kBT ) at T being suf-
ficiently lower than Tc. As shown by the solid line in
Fig. 3(a), the experimental result for H-OVD is well re-
produced by the same model as in OPT with different
parameters, ∆L ≈ ∆0 and αc ∼ 1/3, and with simi-
lar parameters, ∆S/∆L ∼ 0.35 and η ∼ 0.07∆0. In this
analysis, 2∆L/kBTc ∼ 0.95 was remarkably smaller than
3.52 in BCS theory, indicating that a very weak cou-
pling SC state is realized in the H-OVD. This is in con-
trast to the 2∆L/kBTc ∼ 6.9 evaluated in Y-substituted
La0.8Y0.21111(Tc = 34 K), in which the strong coupling
state takes place to increase Tc up to 34 K in LaFeAsO-
based compounds.27 It reasonably coincides with the fact
that the H-OVD locates on the verge of an SC phase.
We highlight that the experimental data of 1/T1T
Fig. 4. (color online) Schematics of FS topologies anticipated for
(a) OPT(Tc = 28 K) and (b) H-OVD(Tc = 5 K). In OPT, the
disconnected FSs derived from hole and electron bands at re-
spective Γ- and M -points are well connected with nesting vector
Q = (0, pi) or (pi, 0).5, 8 The further increase in electron-doping
level for H-OVD may make this nesting condition worse, result-
ing in the dramatic suppression of the interband scattering. (c) T
dependence of 1/T1T from electron-doped La1111(OPT and H-
OVD) to hole-doped Ba0.6K0.4Fe2As2(Tc = 38 K).26 The inset
shows the FS topology theoretically anticipated when the holes
are doped and/or the pnictgen height is relatively high.30, 31
in H-OVD cannot be accounted for without assigning
αc ∼ 1/3 in the analysis. This marked difference in αc
between H-OVD and OPT originates from Fermi sur-
face topologies undergoing a chemical potential shift
in the rigid band picture through the electron dop-
ing, as schematically-illustrated in Figs. 4(a) and 4(b).
In the OPT, the respective hole and electron FSs at
Γ- and M - points are well nested by the wave vector
Q = (pi, 0) and (0, pi) in the unfolded Brillouin zone.5, 8
By contrast, it is expected that the hole FS becomes
considerably smaller as a result of the excess electron-
doping in H-OVD, in which the nesting condition of these
FSs becomes significantly worse. The 1/T1 of OPT is
dominated by a sign-nonconserving interband scatter-
ing process (+∆h ⇔ −∆e) that is sufficiently larger
than the sign-conserving intraband scattering process
(±∆h,e ⇔ ±∆h,e). In H-OVD, however, the interband
and intraband contributions become comparable since
the interband scattering is significantly suppressed. It
may cause a partial recovery of the coherence effect of
the Cooper pair. Actually, the ARPES on the heavily
electron-overdoped BaFe1.7Co0.3As2 suggested that the
disappearance of the hole FS brings about the absence
of Tc.
28 The reason why the Tc of H-OVD decreases sig-
nificantly to 5 K can be attributed to the fact that the
interband scattering between these FSs is markedly sup-
pressed. In this context, it is the interband scattering
which increases Tc up to 28 K in OPT where the nesting
condition of the FSs becomes better. The results give a
strong experimental support for the sign reversing s±-
wave state in La1111 superconductors. This is consistent
with recent scanning tunneling microscopy on Fe(Se,Te)
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that revealed the sign reversal of the SC gap function
by measuring the magnetic-field dependence of quasi-
particle scattering amplitudes.29
Finally, we comment on a relation between the FS
topologies and the normal-state properties through the
1/T1T results(see Fig. 4(c)). The AFM spin fluctua-
tions (AFM-SF) at Q = (pi, 0) and (0, pi) are pro-
nounced in hole-doped Ba0.6K0.4Fe2As2(Tc = 38 K),
26
but they are not in OPT and H-OVD in La1111 com-
pounds.20, 27 The theory suggested that this difference in
AFM-SF is ascribed to a possible evolution of FS topolo-
gies in these compounds; as schematically-illustrated in
the inset of Fig. 4(c), another hole FS (Γ′) appears
around (pi, pi) only when holes are doped and/or a pnic-
togen height(hAs) from the Fe plane is relatively high as
in Ba0.6K0.4Fe2As2, but it may be absent in electron-
doped La1111 compounds.30, 31 In fact, the hAss of both
Ba0.6K0.4Fe2As2 and Nd1111(Tc = 54 K) are approxi-
mately ∼ 1.38A˚, being higher than that of the La1111
system(∼ 1.33A˚). If such evolution of FS topologies from
hole-doped to electron-doped systems and band struc-
ture effect are assumed, the doping dependence of 1/T1T
in the normal state can be qualitatively reproduced by
the theoretical calculation based on fluctuation-exchange
approximation.25, 31 In this context, the investigation of
the electron-doped Ln1111 systems with the highest Tc
of more than 50 K is highly desired to shed light on a
possible correlation between Tc and an evolution of FS
topologies.
In summary, nuclear spin relaxation rate measurement
through the 75As-NQR has revealed that the coherence
effect on the Cooper pair partially recovers when the hole
FS becomes considerably smaller in the heavily electron-
doped La1111 compound with Tc = 5 K. This is in
contrast to the previous results reported in the opti-
mally doped La1111 with Tc = 28 K where the coher-
ence effect was strongly suppressed. The marked dif-
ference is reasonably accounted for by the fact that a
sign-nonconserving interband scattering process is sig-
nificantly larger than the sign-conserving intraband scat-
tering process in optimally-doped regimes, whereas the
both contributions are nearly comparable in heavily over-
doped regimes. It is derived by the difference in Fermi
surface topology depending on the electron doping lev-
els. Our findings strongly suggest that the sign reversal
of the gap functions on the different FSs, that is, the s±-
wave state is realized in La1111 compounds. We remark
that the evolution of Tc up to 28 K in LaFeAsO systems
originates from the realization of the sign reversing s±-
wave state stabilized by the interband scattering effect.
This unconventional SC state observed in the Fe-based
pnictides opens up a new paradigm for understanding a
rich variety of SC phenomena.
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